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Study of the ijow-iemperature line broadening mechanisms for excitonic iransQtions in GaAs/ A~GaAs modh.dator sin...!lctures
S. Hong and Jasprit Singh
The University of Michigan, Department of Electrical Engineering and Computer Science, Ann Arbor, Michigan 48109 (Received 3 April 1986; accepted for publication 13 June 1986) We examine the dominant line broadening mechanisms for excitonic lines in a quantum well in the presence of strong transverse electric fields. We have calculated the line broadening due to interface roughness effects and lifetime broadening effects. We find that the line broadening effects due to interface roughness increase rapidly as the transverse electric field is increased and for a l00-A Al o . 3 Gao 7 As/GaAs well, increase by a factor of -2.0 as the field is increased from 0 to 100 kV /cm. The broadening due to lifetime effects is very sensitive to the band lineup assumed and is much smaller than interface roughness effects even for one monolayer interface roughness.
Recent advances in heterostructure technology have led to the conception and realization of a number of novel device structures. I.~ These devices utilize the potential of tailoring the electronic structure of materials and thereby altering their optical and transport properties. An important optoelectronic device structure being studied by several groups is the light modulator based on a quantum wen in the presence of a transverse electric field. 3 -5 The interest in this device is due to the potential of shifting the excitonic energies in the quantum well by application of an electric field. This allows the possibility of changing the transmission intensity of a signal beam coming in at a fixed wavelength by applying appropriate electric field. Thus, optical modulation can be produced at high speeds. The depth of the modulation produced depends on the linewidth of the excitonic peak. Clearly if the shift in the excitonic peak is comparable to the linewidth, the optical modulation action will be lost.
In this letter we examine the low-temperature line broadening mechanisms for the quantum well modulator. In the case of no electric field, for the AIGaAs/GaAs quantum well, the excitonic linewidth is controlled by the perfection of the interface at low temperature. b .
7 However, in the presence of a transverse electric field, the electron and hole levels are only quasibound states which have a finite lifetime in the wells. This produces an additional source ofline broadening in the excitonic line. In this letter we present results of calculations for both of these mechanisms. The ilifetime broadening is very sensitive to the band lineup assumed, but we find that if the interface roughness is one monolayer or more and the lateral extent of the interface islands (discussed below) is comparable to the exciton radius, the line broadening due to interface roughness dominates.
The exciton problem can be solved by considering the following sets of equations:
( 
(ii) For the exciton energy and wave function:
Here, me' m h are the electron and hole effective masses,
Il the exciton reduced mass, E the electric field, and E the dielectric constant (assumed same in the well and barrier).
For narrow quantum wells (~) < 200 A) the ground state exciton wave function may be assumed to have the form
where A. is determined variationally by energy minimization.
The exciton energy is determined by

Ee. =Ee +Eh +Eg -E/" (5)
where Eg is the material band gap and Eb is the exciton binding energy. In the presence of an electric field, the electron and hole wave functions are quasi bound and one can determine their tunneling rates out of the well to a good approximation by the WKB approximation. We have developed the formalism necessary to solve the above equations using a Monte Carlo approach. 1{)-12 To calculate the effect of tile interface roughness on the exciton line, we first need to calculate the variation of the exciton energy as a function change in the well size by a monolayer. This is straightforward and we find that the dominant source of the change in the exciton energy at all electric fields is due to the changes in the electron and hole subband levels. The exciton binding energy is relatively insensitive to the well size fluctuations.
The source of the interface roughness is expected to be the growth mode under which the epitaxial growth is taking place. This has been discussed in detail in the literature 1 3 so we will only briefly describe the model for interface roughness that we will use for our calculations. A nonideal interface can be represented by a plane at Z = 0 and fluctuations extending a distance /5 ( = one monolayer or more). We also assume that these fluctuations have a lateral extent (controlled by the growth conditions) which have an area A 2D' We assume that the concentration of the flat regions and two-dimensional islands projecting out are equal. The actual interface in a real quantum well is, of course, more complicated, but this simple model has been quite successful in understanding excitonic linewidths in the absence of electric field. 13 We assume that the islands and flat regions are randomly distributed at the interfacial plane. Due to this random distribution, the exciton energy is position dependent (since the exciton wave function has a finite spatial extent), and in general one may write Ee .. (r,W) = Ee(r,W) +Eh(r,W) -Eb(r,W), (6) where r now denotes the exciton position and W is the well size averaged over the exciton spatial extent. This average well size will be different at different points of the quantum wen. If the excitons are created randomly in the quantum weB, then the line shape is determined by the probability distribution P (A .. ,c a ) that there are concentration fluctuations C a and C b over the area of the exciton Aex. To first order the probability of wen size
where c~ and c~ represent the mean concentrations ofthe flat regions and islands discussed previously, and C a and C h are the concentration fluctuations produced by the randomness of the interface roughness. If Aex > A 2D' the probability distribution has a narrow width and one may write
the exciton linewidth is given by 
aw w,,-aw
In general, if Aex -A 20' one determines the fulI width ~P of the distribution P(A ex ,c a ) and the linewidth is then u = M~. Thus ~ represents the change in exciton energy when the well size changes by 8.
In Fig. 1 we plot the variation of ~ when 0 = one monolayer, and the exciton lateral extent [A. ofEq. (4) 1 as a function of electric field for 100 A and 70 A AIGaAs/GaAs wells. We have assumed a 60:40 band lineup (i.e., band-gap discontinuity across the conduction and valence bands).
Note that Aex = 3/2 by A. 2. It is interesting to note that A.
increases rapidly with appJ.ied electric field. One can understand this effect on the following physical basis. As the electric field is increased, the electron and hole wave functions are pushed towards the interface and become more peaked. This causes their eigenvalues to be more sensitive to fluctuations in the well size. As can be seen from Fig. 1 , the value of ~ increases from 3 me V at no field to 8 me V at lOOk V cm -I
for Wo = 100 A well. The change is rdatively smaller for the 70 A well. The latera! extent of the exciton increases as the electric field is increased. This is because the overlap of the electron and hole wave function decreases as the electric field is increased, thus reducing the exciton binding energy and causing the exciton to spread out. As can be seen from Eqs. (10) and (11), as the el.ectric field is increased, we expect the excitonic linewidth to increase due to the increase in 1:::., but to decrease due to the increase in the exciton lateral extent.
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The expression for the linewidth derived above is for one interface assuming that the other interface is perfect (a quantum well. has two interfaces). However, if the two interfaces are comparable in quality, then the totallinewidth in the single quantum well is (12) In Fig. 2 , we show the exciton linewidth as a function of electric field due to the interface roughness effects and the finite lifetime of the electric field. The results are shown for a loo-A Alo3 Gao, As/GaAs quantum well and for the interface roughness we show results for A 2D = 4 X 10 2 A2 and A 2D = 2.2 X 10 4 A 2 representing two different types of surface roughness. We have assumed 8 = one monolayer (the linewidth increases almost linearly with 8). For the lifetime broadening we show results for two different discontinuities for the band lineups for a 100-A well. Note that the interface roughness limited linewidth is not sensitive to the band lineup value assumed. However, the lifetime broadening is very sensitive to the band lineup assumed. We point out that for a 60:40 discontinuity the lifetime broadening is negligible even at high electric field. However, for the 85:15 discontinuity, the lifetime broadening does become important and can contribute significantllY to the linewidith. We point out that it was earlier believed that the band lineup in the GaAsl AIGaAs system was given by the 85:15 lineup,15 but recent studies show that the lineup is given by the 60:40 distribution. 16 Thus, it appears that lifetime effects are not significant.
As can be expected from Eg. (10) the interface rough- ness limited linewidth is very sensitive to the nature of the interface roughness (i.e., the two-dimensional size of the islands describing the interface). For a one monolayer height of these islands the linewidth for the case of islands of area (2 X 10 4 ) A 2 changes from 1.2 me V at zero field to 2.0 me V at 100 kV cm -I. As can be seen from Fig. 2 , the lines are much sharper if the interface is described by islands which are smaller in size.
The above resu:lts are for a single quantum well. For most device applications, the optical modulator does not consist of only one quantum weB, but is a multiquantum well (MQW) structure. Ideally, of course, the MQW consists of identical single quantum weBs, but in practice, there are bound to be small fluctuations in the wen size of each quantum wen. In this case the excitonic spectra will consist of a series oflines with linewidths calculated above, but with different peak positions superimposed on each other. If the total interweU size fluctuation is XDo monolayers (note that x need not be an integer will be -XDot::.. We point out also that the line shape for narrow wells can be quite asymmetric because t::.-=aEeJaW!wo_awD is much larger than t::. + = aEeJaW!wo+awc5 especially for narrow wells. We finally point out that recent experimental measurements of PL linewidths as a function of electric field agree with the predicted increase with the field. 18 In summary, we have studied the effect of interface roughness and lifetime effects on excitonic linewidths in the presence of high transverse electric field. We find that in realistic device structures, the interface roughness is expected to be the dominant broadening mechanism at low temperatures. The linewidth increases rapidly with the applied electric field and thus interface roughness can cause serious effects on the performance of light modulators.
